A protein which is capable of binding L-arabinose-1-14C has been isolated from L-arabinose-induced cultures of Escherichia coli B/r. Analysis for this L-arabinosebinding protein (ABP) in a number of L-arabinose-negative mutants suggests that the ABP is not coded for by any of the known genetic units of the L-arabinose complex yet is under the control of the regulator gene araC. The ABP has been purified and found to bind L-arabinose, D-fucose, D-xylose, and L-ribulose with decreasing affinities. The Km for L-arabinose is 5.7 x 10-6 M. The molecular weight, as determined by equilibrium centrifugation, was found to be 32,000. The protein was observed to have many features that liken it to other recently isolated binding proteins that have been implicated in the active transport of small molecules.
The in vivo characterization of an active transport system for L-arabinose (the L-arabinose permease system) has been previously described (14) . This system is specifically induced by L-arabinose and also transports D-fucose and D-xylose, though at lower efficiencies. In this paper we describe the isolation and characterization of an L-arabinose-binding protein (ABP), with similar specificities, that may be involved in the active transport of L-arabinose. The characteristics of the ABP are similar to those of other binding proteins recently implicated in membrane transport (17) . The ABP is induced by L-arabinose and its production is controlled by gene araC, the regulator gene, which exerts a positive control over the production of Larabinose isomerase, L-ribulokinase, L-ribulose-5-phosphate4-epimerase, and an L-arabinose permease system, coded for by the structural genes araA, araB, araD, and presumably araE, respectively (1-4, 6, 20, 21 A preliminary account of this work has been reported previously (R. Hogg and E. Englesberg, Bacteriol. Proc., p. 112, 1968).
MATERIALS AND METHODS
Chemicals and reagents. L-Arabinose-1-'4C and uniformly labeled "4C-D-xylose were obtained from Nuclear Research Chemicals Inc. Paper chromatography of the L-arabinose-1-14C in water-saturated butanol followed by radioautography indicated that 98% of the 14C was associated with the arabinose spot.
L-Ribulose-1-'4C was prepared from L-arabinose-1-14C as described by Englesberg (1) . L-Arabinose, tris(hydroxymethyl)aminomethane (Tris), and 2-mercaptoethanol were obtained from the Sigma Chemical Co.; D-fucose, D-ribose, and D-xylose were from Nutritional Biochemical Corp., and glutathione was from Calbiochem.
Bacterial strains. Arabinose-nonutilizing mutants of Escherichia coli B/r used in this study are described in Table 1 . The construction of a number of strains is described in Results.
Growth and treatment of cells for the assay and isolation of ABP. Bacteria were grown in 1% casein hydrolysate medium containing 0.4% L-arabinose, unless otherwise indicated (1) . For routine assay of the ABP in different strains, 1 (13) . After this treatment, the cells were removed by centrifugation, and the supernatant fluid was saturated to 100% with ammonium sulfate. The insoluble material was collected by centrifugation, suspended, and assayed for the presence of the ABP.
Chemostat experimnts. Chemostat experiments were conducted by the procedure described by Kessler and Englesberg (7) . Mineral L-arabinose (0.1%) medium was employed and fed at a rate giving a generation time of 240 min.
Permease asy. The L-arabinose permease activity was determined by measuring the uptake of L-arabinose-1-'IC and uniformly labeled '4C-D-xylose using the Millipore technique previously described (2), with some modifications. Cells were harvested during the exponential phase of growth from a casein hydrolysate-mineral medium, with or without L-arabinose (1), as indicated. They were then washed and resuspended in the above medium without L-arabinose. The uptake of the pentoses was measured at 25 C. A 1-ml amount of cells, in duplicate, was harvested from the reaction mixture onto membrane filters (Millipore Corp., Bedford, Mass.) after 15 min of incubation, washed with 1.0 ml of casein hydrolysatemineral medium (without L-arabinose) at 25 C, and air-dried. The filters were placed in vials with 6 ml of scintillation fluid and counted in a Beckman LS150 scintillation counter.
Assay of the lnding _pnent. The binding protein was routinely assayed by using the fraction of the cell-free extract that precipitated between 60 and 100% saturation with ammonium sulfate. Material pre cipitated from 10 ml of cell-free extract was suspended in approximately 0.5 ml of buffer, and a 0.2-ml sample was dialyzed against 103 volumes of the assay buffer consisting of 0.05 M Tris hydrochloride (pH 7.6), 10-3 M MgCI,, 10-3 M 2-mercaptoethanol, and 1.5 X 10 5 M L-arabinose-1-14C (12,500 counts per min per ml, final count). Maximum binding was attained at 12 hr, at which time 0.1-ml samples of the external dialysate and the dialyzed material were dried onto filter paper discs, placed in 6 ml of scintillation fluid, and counted in a Beckman LS 150 scintillation counter. Protein determinations (11) were carried out on the dialyzed material. Those Table  4 ). After ammonium sulfate precipitation, the dissolved pellet was labeled with L-arabinose-1-1'C by dialyzing it against the assay buffer. The bound arabinose is not readily released by the protein. This facilitated subsequent column chromatography, since the eluted fractions could be tested for the presence of the binding component by simply determining the radioactivity of a sample. The total binding capacity of the purified material was determined after each step subsequent to further dialysis in the L-arabinose- Acrylamide gel-disc electrophoresis. The acrylamide gel-disc electrophoresis procedure was performed at 4 C with a standard gel bed (0.5 by 5.1 cm) of 7.5% acrylamide, Tris-glycine electrode vessel buffer (pH 8.3), and a constant current of 3 ma per gel column. After sufficient time to allow the indicator dye (bromophenol blue) to migrate nearly the full length of the gel column, the gels were removed, stained overnight with aniline blue-black, and destained by electrophoresis in 7.5% acetic acid at room temperature.
Protein determinations. In the purification of the ABP and for routine assay of the ABP in various mutants, protein was measured by the method of Lowry et al. (11) with crystallized bovine plasma albumin (Pentex) as a standard. RESULTS ABP controlled by the regulator gene araC. Beginning with an L-arabinose-negative mutant, strain UP 1041, F-araA39, deficient in L-arabinose isomerase as the result of a nonsense mutation in the gene araA (Hogg and Englesberg, unpublished data), we identified an ABP precipitated from cell-free extracts of this strain between 60 and 100% saturation with ammonium sulfate. The ABP was found in extracts of FaraA39 prepared only from cells grown in the presence of L-arabinose, indicating that this component may be the product of an ara gene involved in one of the inducible steps of L-arabinose metabolism (Fig. 1 ). If this is the case, the ABP should be under the control of the regulator gene, araC. To test this possibility, we examined the effect of various mutations in gene araC on the ABP levels.
Two of the strains analyzed, UP 1012, FaraCS, a C-nonsense mutant (J. Irr and E. Englesberg, Bacteriol. Proc., p. 54, 1967), and SB 1094, containing deletion 719 which covers all known C-mutant sites in the araC gene as well as araO (3, 4, 20, 21) , are pleiotrophic L-arabinose negatives, deficient in L-arabinose isomerase, L-ribulokinase, and L-ribulose-5-phosphate-4-epimerase, and reduced in inducible L-arabinose permease activity. The ABP was absent in extracts of these strains when prepared from cells grown in either the presence or absence of L-arabinose. On the other hand, strain SB 5159, F-araB24, araCc67, kinaseless but otherwise constitutive for the above enzymes and permease system, produced the ABP when grown in either the presence or absence of L-arabinose. These results indicate that the production of the ABP is regulated by gene araC and is probably not a direct product of that gene. The results of these and other related experiments are presented in Table 2 .
ABP not a product of genes araA, araB, and araD. We next determined whether the ABP is the product of one of the structural genes,
epimerase) controlled by gene araC. A deletion excising only genes araD, araB, and araA would have been ideally suited to test this possibility. Unfortunately, such a deletion is not yet available. However, other evidence indicates that the above-mentioned possibility is very unlikely. All of the three enzymes coded for by the structural genes are largely precipitated below 55% saturation with ammonium sulfate (8, 10, 18) . Strains containing two different nonsense mutations in the gene araA, A39, and A7, deficient in L-arabinose isomerase activity (1, 21) and devoid of L-arabinose cross-reacting material (Lee, personal communication), produce ABP ( ever, an analysis of the parental araA2 strain and the double mutant araA2, araEl unexpectedly revealed that both strains had only limited binding capacity for L-arabinose, although the presence of the araEl mutation greatly reduced this strain's ability to accumulate L-arabinose in vivo (Table 2) . To determine whether the araEl mutation might affect the production of ABP in strain UP 1041 containing mutation A39, we transduced araEl into strain UP 1041 and analyzed it for ABP. We first constructed a thymineless derivative of strain UP 1041 (F-A39) by aminopterin selection, as described by Okada et al. (15) and modified by A. L. Taylor (personal communication). We transduced F-araA39 thywith phage Plbt grown on UP 1664 (P-araA2EI) and selected for Thy+ on mineral glucose plates. Thy+ transductants were isolated in pure culture and assayed for ability to actively transport Larabinose. One strain, SB 5313, having decreased L-arabinose permease activity and therefore containing the mutation araEl, was analyzed for ABP. While the introduced El greatly reduced the ability of the strain to accumulate L-arabinose, it did not significantly affect the level of the ABP. (Compare ABP values of strain SB 5313 with strain UP 1041 in Table 2 .) Thus, it would appear that the araE gene is not involved in the production of the ABP. This possibility, however, is not completely ruled out by these studies, since it is conceivable that the araE gene may be the structural gene for the ABP and that El, although affecting permease activity, has no detectable effect on the L-arabinose-binding ability of this protein.
We have so far been unsuccessful in isolating permeaseless mutants by using other araAmutants, all of which produce the ABP. [The strain containing the araA2 mutation (UP 1009) appears not to be isogenic with the other Aramutants employed in the L-arabinose studies. Besides not producing detectable amounts of ABP, UP 1009 produces a heat-stable L-ribulokinase; all other Ara-mutants contain a relatively heat-labile kinase. All the Ara-mutants, except araA2, were originally isolated from a Thr-Leu-strain containing the "heat-labile" kinase, whereas araA2 has a different origin.] Although a resistant class can be isolated with other araA-mutants that cotransduce with thymine, these resistant mutants are not devoid of permease activity and all produce the ABP. In addition, all attempts to transfer to strain UP 1009 the ability to produce the level of L-arabinose binding activity (as shown by strain UP 1041), by crossing into UP 1009 the thr ara leu region and the thy araE region of strain UP 1041, have been unsuccessful. Thus, it would appear that the deficiency of UP 1009 in L-arabinose-binding activity resides outside the region of the coli chromosome presently identified as belonging to the L-arabinose gene complex.
ABP in the wild type, strain SB 1001. The wildtype strain, when tested by using conditions similar to those used for the other strains, was found to have only small amounts of ABP. However, when grown under conditions of arabinose starvation in a chemostat, this strain contained greatly elevated levels of the ABP. It would appear that the low levels of ABP found in the wild type under normal growth conditions may be caused by catabolite repression as a result of L-arabinose metabolism.
Cellular release of the ABP after osmotic shock. On the assumption that the ABP was fulfilling some as yet unknown fu;iction in arabinose transport, we decided to search for properties of the ABP that might show some correspondence to that of other proteins involved in other trans port systems (17) . Release of such proteins under conditions of osmotic shock is strongly indicative of a peripheral location in the cell, as might be expected for a transport protein. An attempt was made to demonstrate such a property for the ABP. Neu and Heppel (13) described the release of a class of enzymes from E. coli when this organism was subjected to conditions of osmotic shock. Osmotic release of proteins thought to be associated with transport functions has been used in the purification of the sulfate binding protein (16) , and an amino acid binding protein (19) . The release of the binding component from cells subjected to osmotic shock is described in purified by normal procedures (Table 4 ). All operations were carried out at 0 to 4 C unless otherwise specified. A frozen cell suspension (500 ml) was thawed and sonically treated at -0.5 C in 100-ml quantities for 8 to 9 min at a setting of 8 with a Branson 6-kc Sonifier. The disrupted suspension was centrifuged for 1 hr at 56,000 X g in a Spinco model L ultracentrifuge. The supernatant fluid (crude extract) was collected. A 1.0 M solution of MnCl2 was added slowly to the crude extract, with constant stirring, to yield a final concentration of 0.05 M MnCl2. At 20 min after the start of addition of the MnCl2, the solution was centrifuged at 66,000 X g for 1 hr and the precipitate was discarded. The supernatant fluid was then immediately brought to pH 7.6 by the addition of ammonium hydroxide. Solid ammonium sulfate was then added over a 20-min period to bring the solution to 65% saturation, and the solution was allowed to equilibrate with stirring for an additional 30 min. (A pH of 7.6 was maintained throughout the ammonium sulfate fractionation by the addition of ammonium hydroxide.) The suspension was centrifuged at 35,000 x g for 15 min, and the supernatant fluid was recovered. Additional solid ammonium sulfate was added to yield 100% saturation with the precautions described above. The precipitate was collected by centrifugation and suspended in and dialyzed against L-arabinose-1-14C assay buffer. Subsequent to labeling the protein by this method, the solution was dialyzed against phosphate buffer (0.001 M potassium phosphate and 0.001 M mercaptoethanol, pH 7.6), and applied to a diethylaminoethyl cellulose column (4.9 by 135 cm) equilibrated with the phosphate buffer. The column was developed at a flow rate of 30 ml/hr, by using a linear NaCl gradient from 0 to 0.02 M (in phosphate buffer), and fractions of 5 ml were collected. The L-arabinose-binding protein was eluted from the column early at NaCl concentrations of approximately 0.002 M, indicating a protein of weak charge. The contents of 8 to 10 tubes having the highest specific activity were pooled, concentrated by lyophilization, and dialyzed against the phosphate buffer. The dialyzed material was then chromatographed on a column of Sephadex G-75 at a flow rate of 10 ml/hr, collecting 3.0-ml fractions. The eluent gave a symmetrical peak (protein versus fraction number or counts per minute versus fraction number) having uniform specific activity, and the contents of these fractions were pooled. b Samples of these fractions were dialyzed against the L-arabinose-1-14C assay buffer and the proteinbound L-arabinose was assayed.
c The ammonium sulfate fraction was labeled with L-arabinose-1-14C by dialysis. The strong binding of L-arabinose to the ABP provided a means of following the protein during purification. However, the maximum binding capacity of the purified material in steps 3, 4, and 5 was determined subsequent to further charging the protein with L-arabinose-1-14C by dialysis in L-arabinose-1-'4C buffer. DEAE = diethylaminoethyl.
J. BACaERioL.
428
on November 1, 2017 by guest http://jb.asm.org/
Downloaded from
The purified ABP is heat-labile and is homogenous in the ultracentrifuge (Fig. 2) . When subjected to acrylimide gel electrophoresis, it was found to produce one major band representing 83% of the stainable material and several minor bands constituting the difference.
Binding properties of the purified ABP. The purified ABP, when dialyzed against L-arabinose-J-14C, was found to require a minimum of 12 hr to reach maximal saturation, indicating a rather slow reaction rate between the protein and the ligand. It is evident from Table 5 (experiment 1) that the bound arabinose is not readily released during dialysis against buffer minus arabinose but that it can be displaced by unlabeled arabinose. We questioned whether an equilibrium actually existed between the protein and the ligand. To test this, we dialyzed a sample of the purified material against a low level of L-arabinose-J-'4C to a steady state and then increased the arabinose concentration to obtain a second and higher level of binding. Such an experiment is described in Table 5 (experiment 2). It is evident that the binding of L-arabinose to protein is concentration-dependent, whereas dissociation of the complex is extremely slow.
When the purified binding protein was dialyzed against increasing concentrations of L-arabinose-1-14C, a normal saturation of binding sites was observed (Fig. 3) . The Km value for L-arabinose was 5.7 x 10-6M.
Paper chromatography in water-saturated butanol followed by radioautography indicated that the material released from the L-arabinose-1-'4C-protein complex, on heating, is in fact L-arabinose-1-14C, although some degradation was observed as a result of heating.
Sedimentation studies. A sample of the purified protein was sedimented in an analytical ultracentrifuge. Five successive photographs were taken at 8-min intervals after reaching speed, and the distance of the peak positions from the center of rotation was measured on each photograph. Calculations from a plot of the log of the distances as a function of time of sedimentation gave a sedimentation coefficient of 2.87S 10-13 sec in this buffer, assuming a partial specific volume of 0.73 for the protein.
Molecular weight determinations by the highspeed method of Yphantis (22) Initial sample 0 After 12-hr dialysis ( L-ara-1-"4C) and 24-hr dialysis (2 X 10-' M L-ara-1-14C) (17) .
Specificity of the ABP. The purified protein, cleared of L-arabinose-1-"4C as described, was tested for its ability to accept other sugars structurally related to L-arabinose. The results (Table  6) indicate that the ABP is capable of binding sugars other than L-arabinose. Although possessing greatest affinity for L-arabinose, it also binds D-fucose, D-xylose, and L-ribulose to lesser degrees. Novotny and Englesberg (14) had previously reported that both D-fucose and Dxylose compete with L-arabinose for the permease in the whole cell uptake system, D-fucose being the more active of the two. Therefore, it would seem that the specificity of the ABP is similar if not identical to that of the in vivo active transport system for L-arabinose.
To further test the ability of the ABP to accept related sugars, we examined the ability of compounds structurally related to L-arabinose to displace L-arabinose already bound to the protein. The (14) . Consequently, some specificity must be attributed to the ABP in that it reacts with, and is affected significantly by, only those sugars known to be active in the L-arabinose permease system. DISCUSSION Evidence is presented in this report that the ABP is under the control of regulator gene araC, yet is not coded for by any of the identified genes in the L-arabinose gene-enzyme complex. Therefore, still another structural gene, under control of gene araC, must exist for the ABP.
The purified ABP possesses numerous qualities that liken it to other recently isolated and characterized binding proteins that have been implicated in other transport systems. The most notable of the other transport proteins are the "M" protein of the lac system, characterized by Fox and Kennedy (5), the sulfate-binding protein described by Pardee (16) , and the amino acidbinding protein reported by Piperno and Oxender (19) . Such proteins all possess similar molecular weights, degrees of ligand specificity, and an apparent peripheral location in the cell.
The isolated ABP was found to have a molecular weight of 32,000 41 2%. Assay by dialysis indicates that it is capable of binding L-arabinose, D-fucose, D-xylose, and L-ribulose, in that order, with decreasing affinities. The binding specificity and the ability of related compounds to displace L-arabinose already bound to the protein are identical with the ability of such compounds to compete with L-arabinose for uptake in vivo, as described by Novotny and Englesberg (14) .
Other L-arabinose binding proteins that we had hoped to find, but did not, were the activator protein of the regulator gene araC and other proteins involved in another L-arabinose transport system induced by L-arabinose in araCmutants (3; Table 2 ). A search for these proteins is still in progress. ACKNOWLEDGMENTS This investigation was supported by National Science Foundation Research grant GB 5342.
We are grateful to Nancy Lee and James Patrick for their advice during the course of this study.
ADDENDUM IN PROOF
Further purification of the ABP by the first author (R.H.) has produced a product that! binds 0.81 units of L-arabinose per unit of ABP of molecular weight 32,000.
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